Plasma r i n g i n g phenomena have been e x c i t e d by A l o u e t t e I , and
other ionosphere probes, a t the l o c a l e l e c t r o n plasma frequency, upper h y b r i d frequency, and gyrofrequency harmonics.
I t h a s been suggested t h a t o b s e r v a t i o n of t h i s e f f e c t i s c l o s e l y l i n k e d t o t h e f a c t t h a t , n e a r t o these f r e q u e n c i e s , t h e w a r m plasma e l e c t r o s t a t i c waves, which
could normally carry the energy away, have n e a p z e r o group v e l o c i t y .
The energy consequently remains i n t h e v i c i n i t y o f the antenna, and m a n i f e s t s i t s e l f i n t h e r i n g i n g . T 
h i s h y p o t h e s i s may be v e r i f i e d by s t u d i e s of t h e group d e l a y of a wave-packet p r o p a g a t i n g between two antennas. I n t h i s paper, t h e o r e t i c a l p r e d i c t i o n s of such d e l a y a r e p r e s e n t e d and have been found t o agree v e r y c l o s e l y w i t h l a b o r a t o r y plasma measurements. The success of these s t u d i e s s u g g e s t s a powerful new d i a g n o s t i c t e c h n i q u e based on group d e l a y measurement. Its a p p l ic a b i l i t y t o i o n o s p h e r i c s t u d i e s i s examined, and i t i s concluded t h a t the method should be r e a d i l y u s a b l e t o o b t a i n plasma parameters w i t h h i g h accuracy. The method has t h e p a r t i c u l a r advantage t h a t i t is
i n f l u e n c e d v e r y l i t t l e by l o c a l plasma p e r t u r b a t i o n s produced by the v e h i c l e and a n t e n n a s .
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INTRODUCTION
The Canadian s a t e l l i t e "Alouette I" w a s launched i n t o a c i r c u l a r , 1000 k m polar o r b i t on September 29, 1962. The v e h i c l e c a r r i e d a pulsed t r a n s m i t t e r , t o be used f o r t o p s i d e ionosphere sounding, whose frequency w a s swept from 0.5 t o 12.0 M c i n an 18 sec. p e r i o d . S t u d i e s of the r e s u l t i n g ionograms made by Lockwood [1963] and by C a l v e r t and G o e [1963] i n d i c a t e d the o c c u r r e n c e of a wider v a r i e t y of plasma resonances t h a n had been observed p r e v i o u s l y w i t h rocket-borne f i x e 6 f r e q u e n c y t o p s i d e sounding transmitters [Knecht e t a l l 1961; Knecht and R u s s e l l , 19621.
Those w i t h which w e s h a l l be concerned i n t h i s p a p e r are the upper h y b r i d frequency, gyrofrequency, though the fundamental w a s not observed c o n s i s t e n t l y f o r
The e l e c t r o n plasma frequency, w
, a l s o c o n t r i b u t e d a s t r o n g resonance trace t o the ionograms, though an important d i s t i n c t i o n should be made related t o the antenna o r i e n t a t i o n w i t h r e s p e c t t o the l o c a l magnetic
f i e l d : resonances at w and n% are s t r o n g e s t when t h e antenna and t h e lnagnetic f i e l d l i n e s are p a r a l l e l , w h i l e t h a t a t u) i s s t r o n g e s t when t h e y are p e r p e n d i c u l a r .
= ( w i + u:)1/2 , and harmonics of t h e e l e c t r o n
The l a t t e r w e r e i d e n t i f i a b l e up t o n -1 0 , "94
T N N C a l v e r t and Goe [1963] pointed o u t t h a t t h e o b s e r v a t i o n s a t u) and co could be e x p l a i n e d i n terms of e l e c t r o s t a t i c plasma waves e x c i t e d p a r a l l e l and p e r p e n d i c u l a r t o the magnetic f i e l d l i n e s . S i n c e t h e group v e l o c i t y of t h e s e waves should t e n d t o z e r o a t u) and co r e s p e c t i v e l y , the energy should remain i n t h e v i c i n i t y of the antenna and r e s u l t i n the observed ringing. T h i s s t i l l l e f t unexplained t h e o r i g i n of t h e resonances a t n% , however.
T T ' N
Although gyrofrequency harmonics w e r e a newly-observed phenomenon i n the ionosphere a t t h i s time, there are a l r e a d y a c o n s i d e r a b l e volume of e x p e r i m e n t a l work o n l a b o r a t o r y plasmas i n which n o i s e emission and a b s o r p t i o n a t b o t h e l e c t r o n and i o n gyrofrequency harmonics had been observed [Crawford, 1965a] . There w a s a l s o a v a i l a b l e a comprehensive t h e o r y of e l e c t r o s t a t i c wave propagation i n w a r m magnetoplasmas
[ B e r n s t e i n , 1958; S t i x , 19621 which showed t h a t p r o p a g a t i o n p e r p e n d i c u l a r --1 -t o t h e magnetic f i e l d should o c c u r , f r e e from c o l l i s i o n l e s s damping, and should be c h a r a c t e r i z e d by t r a n s m i s s i o n bands c e n t e r e d on t h e e l e c t r o n gyrofrequency harmonics ( s e e Figure 1 ) . I n 1964, Crawford, Kino and Weiss c a r r i e d o u t a l a b o r a t o r y p l a s m a experiment which has been e x p l a i n e d i n terms of t h e p e r p e n d i c u l a r plasma p e r m i t t i v i t y component [Harp, 19651 , and proposed t h a t t h e z e r o group v e l o c i t y e f f e c t o c c u r r i n g a t t h e gyrofrequency harmonics should h e l p t o e x p l a i n t h e Alouette I o b s e r v a t i o n s . The a n a l y t i c b a s i s of t h i s suggest i o n h a s s i n c e been developed i n some d e t a i l by F e j e r and C a l v e r t [1964] , S t u r r o c k [1965] , Wallis [1965] , Dougherty and Monaghan [1965] , and
Deering and F e j e r [1965] .
t h e o b j e c t of p r e d i c t i n g t h e decay t i m e of t h e r i n g i n g . To make t h e mathematics t r a c t a b l e , numerous s i m p l i f y i n g assumptions are employed i n v o l v i n g i n f i n i t e s i m a l antenna dimensions, n e g l e c t of t h e a c t u a l antennaplasma c o u p l i n g through inhomogeneities, and n e g l e c t of c o l l i s i o n a l e f f e c t s [Lockwood, 1963; Johnston and N u t t a l l , 1964;  N u t t a l l , 19651, t h e f o r e g o i n g e x p l a n a t i o n i s adequate, and t h a t t h e a c t u a l decay rate observed w a s p r i n c i p a l l y due t o t h e v e h i c l e moving away from t h e energy pulsed i n t o t h e plasma. T h i s h a s l e d t o f u r t h e r e x t e n s i o n of t h e a n a l y s i s t o s t u d y t h o s e waves whose group v e l o c i t y i s matched t o t h a t of t h e v e h i c l e . This has been c a r r i e d o u t by Shkarofsky and Johnston [1965] , t a k i n g i n t o account e l e c t r o m a g n e t i c c o r r e c t i o n s t o t h e e l e c t r o s t a t i c wave d i s p e r s i o n a t long wavelengths.
. Even s o , t h e consensus i s t h a t , d e s p i t e o t h e r p o s s i b i l i t i e s t h a t have been advanced
Much of t h i s work has been c a r r i e d o u t w i t h
I n p a r a l l e l with t h e t h e o r e t i c a l work j u s t d e s c r i b e d , f u r t h e r experimental work on e l e c t r o s t a t i c plasma wave p r o p a g a t i o n and resonances has been proceeding. [Crawford, 1965 a , b ] , based on t h e B e r n s t e i n [1958] t h e o r y . Buchsbaum and Hasegawa [1964, 19661 have o b t a i n e d v e r y good agreement between computed e i g e n f r e q u e n c i e s f o r s t a n d i n g waves of , kl i s the p e r p e n d i c u l a r wave number, and
)J i s t h e gyroradius of a p a r t i c l e w i t h thermal v e l o c i t y , v E=
Here, IC i s Boltzmann's c o n s t a n t and t e m i s t h e e l e c t r o n m a s s .
I t has been assumed i n t h e d e r i v a t i o n of (1) t h a t t h e t r a n s v e r s e electron v e l o c i t y d i s t r i b u t i o n , f(vL)
, is Maxwell i a n w i t h temperature T
. Other d i s t r i b u t i o n s must be s t u d i e d i n d i v i -
d u a l l y . I f t h e y are h i g h l y non-Maxwellian, t h e waves may become u n s t a b l e [Crawford, 1965 b] . Although i o n motions have been n e g l e c t e d , t h e y may e a s i l y be t a k e n i n t o account by adding summation terms of s i m i l a r form t o t h a t of (1) f o r e a c h s p e c i e s .
e A h i g h l y s i g n i f i c a n t f e a t u r e of (1) 
i s t h a t i t does n o t c o n t a i n a n y c o l l i s i o n l e s s damping terms. Computations [ T a t a r o n i s and Crawford, 19663
show t h a t t h e s e can become very s t r o n g f o r p r o p a g a t i o n a t a n g l e s o n l y a few degrees o f f e x a c t p e r p e n d i c u l a r i t y . The p u r e l y r e a l s o l u t i o n s f o r p e r p e n d i c u l a r propagation a r e shown i n F i g u r e 1. The parameter range 1 . 0 s u2/u2 s 10.0 has been chosen t o span t h e ' r a n g e of A l o u e t t e I d a t a r e p o r t e d by C a l v e r t and G o e [1963] .
h y b r i d frequency, uT ( P o i n t X) g a t i o n windows i n t h e frequency bands bounded below by t h e c y c l o t r o n harmonics f o r which nu) 2 w become w i d e r . There i s never a n y gap i n t h e t r a n s m i s s i o n f o r u) 5 LD S CUT .
N H I t w i l l be noted t h a t as t h e upper
, moves up t h e frequency a x i s , t h e propa-
P o s s i b l e d i a g n o s t i c techniques.
The t h e o r e t i c a l e x p r e s s i o n (1) has p o t e n t i a l a p p l i c a t i o n t o diagnost i c techniques i n a t l e a s t t h r e e d i s t i n c t l y d i f f e r e n t ways: F i r s t i t may
be used i n t h e p r e d i c t i o n of t h e admittance between two e l e c t r o d e s i n t h e plasma. I n t h i s c a s e , y # o and i n p r i n c i p l e t h e a n a l y s i s can o n l y be c a r r i e d o u t e x a c t l y f o r geometries i n which t h e wave e q u a t i o n i s separab l e . Even t h e r e , t h e p r a c t i c a l e f f e c t s of non-ideal e l e c t r o d e s h a p e s , and t h e presence of s p a c e c h a r g e s h e a t h s , may p r o h i b i t a c c u r a t e q u a n t i t at i v e estimates. So f a r , o n l y t h e admittance between two p a r a l l e l wires has been s t u d i e d . This has been done i n t h e experiments of Crawford, Kino and Weiss [1964] , Crawford and Weiss [1966] , and - Harp [ ,1966 ,
r e s u l t s t h a t Harp has shown t o agree w e l l w i t h q u a l i t a t i v e predict i o n s from (1). These and o t h e r a s p e c t s of t h e problem are c u r r e n t l y under s t u d y by the a u t h o r s .
The second way i n which t h e e x p r e s s i o n (1) f o r el_ may be used stems from t h e experimental o b s e r v a t i o n of f i n e s t r u c t u r e i n t h e peaks o b t a i n e d e i t h e r i n admittance measurements, o r i n n o i s e emission from
magnetoplasmas.
i n terms of propagating o r s t a n d i n g c y c l o t r o n harmonic waves, f o r which cL= 0 , by Hasegawa [1964,1966] and by - Harp [ ,1966 .
I n t h e l a t t e r ' s experiments, i n t e r f e r e n c e e f f e c t s were observed as t h e s e p a r a t i o n between two antennas was v a r i e d . These w e r e i n t e r p r e t e d t o g i v e t h e wavelength, waves. 
These have been shown t o be i n t e r p r e t a b l e q u a n t i t a t i v e l y and hence t h e d i s p e r s i o n c h a r a c t e r i s t i c s of t h e F i t t i n g such d a t a t o t h e u n i
N
The t h i r d use of (1) which w e wish t o d i s c u s s as t h e main s u b j e c t of t h i s paper w i l l be termed t h e "group d e l a y method". t r a n s m i t t i n g antenna w i l l be p u l s e d and t h e r e s u l t i n g f i e l d s w i l l be sampled by a r e c e i v i n g antenna Some d i s t a n c e away. T h i s w i l l allow t h e group d e l a y of a w a v e p a c k e t t r a v e l l i n g between t h e two antennas t o be measured, and t h e plasma parameters t o be deduced more s i m p l y t h a n by e i t h e r of t h e o t h e r two methods suggested. W e s h a l l now examine t h i s technique i n more d e t a i l :
I n t h i s , a
The group d e l a y method For s i m p l i c i t y , c o n s i d e r f i r s t an i n f i n i t e plasma system. A wavepacket t r a n s m i t t e d from an i n f i n i t e p l a n a r antenna w i l l t r a n s v e r s e the plasma a t t h e group v e l o c i t y , vg(ta(o/akL) a r r i v a l , t , a t a second antenna w i l l depend on v
shows p l o t s corresponding t o t h e curves of F i g u r e 1 i n which t h e q u a n t i t y
e x p r e s s e s t h e r a t i o o f t h e group d e l a y s f o r t r a n s i t betweeil &iter;*= L z p~f of s i g n a l s t r a v e l l i n g a t t h e group and thermal v e l o c i t i e s .
The frequency v a r i a t i o n o f a i n each passband is r e m i n i s c e n t of "nose"-whistler t r a n s m i s s i o n c h a r a c t e r i s t i c s [ I i e l l i w e l l ,
19651, and i n what follows w e s h a l l adopt t h i s d e s c r i p t i o n f o r the g e n e r a l shape of the curves.
, so t h a t its t i m e of -1 g g t g e
I t i s i n t e r e s t i n g t o n o t e , t h a t , f o r LL) > LD
t h e humped n a t u r e 
t i s implied t h a t under these c o n d i t i o n s two s i g n a l s w i t h t h e same frequency may a r r i v e a t t h e second antenna w i t h d i f f e r e n t d e l a y s . I t w i l l a l s o be noted from F i g u r e 2 t h a t t h e r a t i o , a , always exceeds u n i t y . Its a b s o l u t e minimum value o c c u r s f o r t h e
parameters ( a / % ) = 1.85 , (UN/wHI2 = 3.25 , Q = 1.29 .
T
The group d e l a y curves show c l e a r l y how a + 00 a t t h e gyrofrequency harmonics, and A l o u e t t e -t y p e r i n g i n g o c c u r s a t t h e t r a n s m i t t i n g antenna.
There is, however, j u s t one special combination of parameters f o r which t h e group d e l a y i s n o t i n f i n i t e a t a gyrofrequency harmonic. T h i s o c c u r s a t harmonic.
It w i l l be seen t h a t a p a s s e s smoothly through the p o i n t (4/'3).
branches of the d i s p e r s i o n curves m e e t at t h e a x i s w i t h a non-zero s l o p e
as k l + 0 . This i m p l i e s t h a t i n a r i n g i n g experiment t h e r i n g i n g might be somewhat w e a k e r a t t h i s p o i n t , s i n c e i t i s p o s s i b l e f o r some of (aN/~H)2 = 3.0
, where t h e upper h y b r i d frequency e q u a l s t h e second
The reason f o r t h i s w i l l be a p p r e c i a t e d from t h e energy t o propagate away. Reference t o t h e experimental r e s u l t s of C a l v e r t and Goe [1963, see t h e i r F i g u r e 41 s u g g e s t s t h a t t h e r i n g i n g w a s
indeed weak a t t h i s p o i n t .
One way i n which t h e curves of F i g u r e 2 may be understood is t h a t t h e y r e p r e s e n t t h e t i m e response a t the r e c e i v i n g antenna t o a d e l t z e f u n c t i o n p u l s e a p p l i e d a t t h e t r a n s m i t t i n g antenna. In p r a c t i c e , however, an r f p u l s e would probably be a p p l i e d , similar t o t h a t employed by A l o u e t t e I. The e x t e n t t o which t h i s would allow the v a r i o u s noses of F i g u r e 2 t o be traced o u t would consequently depend on t h e bandwidth of the t r a n s m i t t e d s i g n a l and t h e r e c e i v e r . Assume, for example, t h a t t h e rf t r a n s m i t t e r p u l s e h a s an approximately Gaussian envelope, 2 2 f ( t ) = exp(-t / t ) e x p i o t of t h i s s i g n a l vary as exp[-@w ; (t '-1 3 , and t h e t r a n s m i s s i o n w i l l . Outside t h i s bandwidth, t h e F o u r i e r component amplitudes a r e less t h a n e of the c e n t r a l ampli-
The r e g i o n s of propagation i n which t v a r i e s least are c l e a r l y g t h o s e n e a r i t s minima. This i m p l i e s t h a t t h e lower t h e passband t h e g r e a t e r i s 
of s u b s t a n t i a l l y uniform plasma, and both antennas were movable w i t h i n t h i s t o a p r e c i s i o n of 0.01 mm over radial d i s t a n c e s of s e v e r a l c e n t i m e t e r s . The plasma frequency c o u l d be c o n t r o l l e d by v a r i a t i o n of t h e d i s c h a r g e c u r r e n t .
The r f p u l s e s were formed by means of an 800 M c CW o s c i l l a t o r and a commercial PIN-diode modulator modified t o produce a 40 n s e c p u l s e (see Figure 3 
b ) . The r e c e i v e d s i g n a l was t a k e n through a bandpass f i l t e r which improved the p u l s e shape by r e s t r i c t i n g t h e bandwidth. The f i n a l envelope approached c l o s e l y t h e i d e a l Gaussian p r o f i l e w i t h I t w a s v e r y important t o keep t h e t r a n s m i s s i o n l i n e l e n g t h between modul a t o r and i n p u t antenna, and between o u t p u t antenna and o s c i l l o s c o p e , as s h o r t as p o s s i b l e & 90 cm t o t a l ) . Minimum r e f l e c t i o n a t t h e o s c i l l oscope i n p u t w a s ensured by s p e c i a l c h o i c e of l i n e l e n g t h s and connectors.
A g r a p h i c a l r e c o r d e r w a s used t o make permanent r e c o r d s .
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I n o u r experiments, t h e working frequency, w , i s d i c t a t e d by t h e plasma parameters and i t s p h y s i c a l dimensions. C o n s i d e r a t i o n s of t h e microwave c i r c u i t and i t s matching, and t h e n a t u r e of t h e d e t e c t i o n s y s t e m , demand t h a t cu should be f i x e d w h i l e u) and w
are v a r i e d .
I n t h i s r e s p e c t the experiment i s c a r r i e d o u t a n a l o g o u s l y t o making o b s e r v a t i o n s w i t h a fixed-frequency s a t e l l i t e sounder. I t i s n o t P O s s ib l e to make a c c u r a t e o b s e r v a t i o n s of Alouette-t y p e r i n g i n g u s i n g Only one antenna s i n c e , on t h e nanosecond t i m e -scale of t h e s e e x p e r i m e n t s , unwanted l i n e r e f l e c t i o n and r i n g i n g e f f e c t s due t o t h e a p p l i e d p u l s e p e r s i s t f o r comparatively long t i m e s . On t h e m i l l i s e c o n d time-scale O f
t h e plasma r i n g i n g o c c u r r i n g i n t h e A l o u e t t e e x p e r i m e n t s , t h e s e were completely n e g l i g i b l e , of course. 
C a l i b r a t ions To check t h e group d e l a y measurements, i t i s n e c e s s a r y t o have independent c a l i b r a t i o n s f o r t h e magnetic f i e l d , e l e c t r o n plasma frequency, and e l e c t r o n temperature. The f i r s t of these w a s e s t a b l i s h e d very pre-
c i s e l y by means of a p r o t o n resonance gaussmeter, w h i l e t h e e l e c t r o n temperature w a s o b t a i n e d t o an accuracy of about + l o p e r c e n t by Langmuir probe methods, and was shown t o vary very l i t t l e a t a given p r e s s u r e over wide ranges of d i s c h a r g e c u r r e n t and magnetic f i e l d . Reference t o Figure 5 shows how i t may be used t o determine t h e plasma frequency a t a given c u r r e n t and magnetic f i e l d : The q u a n t i t y 
parameter t o o b t a i n a c c u r a t e l y i s t h e e l e c t r o n plasma frequency, s i n c e probe measurements of e l e c t r o n d e n s i t y t e n d t o be u n r e l i a b l e i n t h e presence of a magnetic f i e l d . The d e t e r m i n a t i o n w a s accomplished by the f o l l o w i n g method: The t r a n s f e r admittance between t h e two antennas w a s measured q u a l i t a t i v e l y by applying a f i x e d s i g n a l t o t h e t r a n s m i t t i n g antenna and observing t h e s i g n a l a t t h e r e c e i v i n g antenna as magnetic f i e l d was v a r i e d a t f i x e d d i s c h a r g e c u r r e n t . A t y p i c a l r e c o r d o b t a i n e d l i k e t h i s i s shown i n Figure 4 . The p o i n t ' X ' may be i d e n t i f i e d as t h e upper h y b r i d frequency [Harp, 19661 w h i l e the v a r i o u s peaks l o c a t e d n e a r t h e c y c l o t r o n harmonics may be i n t e r p r e t e d by t h e admittance t h e
. T h i s y i e l d s immediately t h e v a l u e of (mN/(LI) corresponding t o the c u r r e n t column, w e have 
t and delayed p u l s e s interfere w i t h each o t h e r . bfeasurements a t s h o r t s p a c i n g s would be p o s s i b l e i f the direct s i g n a l were d i s c r i m i n a t e d a g a i n s t . Although t h i s procedure w a s n o t adopted i n o u r l a b o r a t o r y experiments, a t t h e comparatively l o w f r e q u e n c i e s a p p l i c a b l e t o iono-
s p h e r i c work, it should be f e a s i b l e t o n u l l o u t t h e d i r e c t s i g n a l , either p a r t i a l l y o r completely, by applying an a n t i p h a s e s i g n a l t o the r e c e i v i n g antefiiia.
The group d e l a y d a t a of F i g u r e 6 i n d i c a t e t h a t , t o w i t h i n t h s limits
of experimental e r r o r , a s t r a i g h t l i n e can be drawn through the p o i n t s marking t h e c e n t e r s of the wave-packets, and t h a t i t e x t r a p o l a t e s back t o z e r o d e l a y a t z e r o antenna s e p a r a t i o n . T h i s would be expected f o r i n f i c r t e p l a n a r geometry, but i s n o t s t r i c t l y c o r r e c t f o r a wave w i t h c y l i n d r i c a l symmetry, such as i s e x c i t e d i n these experiments. The agreement is good simply because t h e antenna s p a c i n g i s t y p i c a l l y of the o r d e r of t e n s of wavelengths.
A t a few wavelengths from t h e e x c i t i n g antenna, the asymptotic s o l u t i o n s f o r the wave p r o p a g a t i o n apply. These vary as t h a t of a p l a n e wave.
When experimental c o n d i t i o n s are s u c h t h a t t h e
probe s e p a r a t i o n i s o n l y a few wavelengths, t h e l i n e a r r e l a t i o n b r e a k s down. -18 -.
Measurements n e a r group delay minima S i n c e t h e bandwidth of o u r experimental p u l s e w a s about k 4 p e r c e n t ,
i t w a s n o t f e a s i b l e t o f o l l o w a c c u r a t e l y t h e d e t a i l e d shapes of noses for
The f i r s t passband o f f e r s e n t i r e l y s u i t a b l e c o n d i t i o n s , however, and F i g u r e 7 p r e s e n t s t y p i c a l experimental d a t a f o r a series of v a l u e s of (uk/"H>4 . Tc! o h t a i n t h e s e , w and the antenna s e p a r a t i o n were maintained c o n s t a n t w h i l e group d e l a y r e c o r d s w e r e t a k e n as was v a r i e d . T h i s involved making use a t each paifit o f t h e c a l i b r a t i o n procedure o u t l i n e d earlier.
< S / U H >
I n h i g h e r passbands, the noses a r e g e n e r a l l y s h a r p e r , and i t w a s (%/aH)' 2 6.
o n l y p o s s i b l e t o m a k e s a t i s f a c t o r y measurements i n t h e second and t h i r d f o r
These agreed w i t h theory t o about t h e same accuracy as t h e d a t a p r e s e n t e d i n Figure 7 . The i m p l i c a t i o n of the r e s u l t s is t h a t , i f be c b t a i n e d w i t h less t h a n 10 p e r c e n t error by use of the nose data.
I n an i o n o s p h e r i c experiment, where narrower bandwidth could be employed, t h i s p r e c i s i o n could probably be s u b s t a n t i a l l y improved.
(LU /LU )2 is known from r i n g i n g measurements, t h e n Te can
N H
Observations of r i n g i n g I t w a s found e x p e r i m e n t a l l y t h a t a s t h e magnetic f i e l d and discharge T '
parameters w e r e v a r i e d so as t o approach c l o s e l y the c o n d i t i o n s w = w o r Lu E n u r e c o r d shown i n F i g u r e 6 i l l u s t r a t e s the prolonged r i n g i n g t y p i c a l l y observed a t t h e upper bybrid frequency, and the gyrofrequency harmonics.
The i n t e r p r e t a t i o n of t h i s phenomenon i s t h a t , a s the group v e l o c i t y f o r
e l e c t r o s t a t i c waves t e n d s t o z e r o n e a r these f r e q u e n c i e s , t h e y cannot c a r r y away r a p i d l y t h e energy p u l s e d i n t o the plasma. Consequently, i t s t a y s i n t h e v i c i n i t y of the antenna and m a n i f e s t s i t s presence i n t h e r i n g i n g . The r e c e i v e d s i g n a l i s observed w i t h e f f e c t i v e l y z e r o d e l a y , through d i r e c t c a p a c i t i v e coupling, independent of t h e antenna separat ion.
, the d i r e c t p u l s e component began t o l e n g t h e n . The H I t is a v e r y i n t e r e s t i n g p o i n t t h a t t h e s e r i n g i n g o b s e r v a t i o n s , s i m u l a t i n g t h e " A l o u e t t e I" r e s u l t s , a r e o b t a i n e d under p u r e l y 
q u a s i s t a t i c c o n d i t o n s . T h i s follows s i n c e t h e f r e e s p a c e wavelength a t o u r working frequency i s about s i x column d i a m e t e r s .
hand, experiments i n which a pulsed, e f f e c t i v e l y p l a n e , e l e c t r o m a g n e t i c wave has been a p p l i e d t o a plasma small compared w i t h a f r e e s p a c e wave-.
l e n g t h have shown no r i n g i n g [S. J . Tetenbaum, p r i v a t e communication].
The i m p l i c a t i o n is t h a t , i n p r a c t i c e , t h e e l e c t r o m a g n e t i c wave correci i w i i i ts tho r i n g i n g
-t h e o r y proposed by Shkarofsky and Johnston [1965] may n o t be n e c e s s a r y .
On t h e other
-2 1 - regarded as an adequate t r a n s m i t t e r p u l s e l e n g t h t o achieve t h i s , t h e n f o r t h e frequency range 0.5 -3.5 M c of most i n t e r e s t i n t h e A l o u e t t e I experiments [Calvert and Goe, 19631 , and a v a l u e of w t M 120 , w e have T = 125 psec a t t h e lowest frequency and T w 17 p s e c a t t h e h i g h e s t , compared w i t h t h e f i x e d pulsed l e n g t h of 100 psec of t h e A l o u e t t e I t r a n s m i t t e r .
w i l l be r e q u i r e d t o trace o u t nose shapes a c c u r a t e l y i n P P" P is
Antenna s e p a r a t i o n Unless t h e d i r e c t s i g n a l received a t t h e second antenna i s t o be n u l l e d o u t , t h e s e p a r a t i o n , L , between t h e two antennas must be such as t o g i v e a minimum group d e l a y of T
. T h i s w i l l prevent t h e d i r e c t and delayed p u l s e s from i n t e r f e r i n g w i t h each o t h e r . I t follows t h a t , Observation of t h e a r r i v a l ( t g l , tgz)
g l g2 I f p r o v i s i o n were made f o r reducing the amplitude of t h e d i r e c t s i g n a l component a t t h e r e c e i v e r t o w e l l b e l o w t h a t of t h e delayed s i g n~1 , t h e antenna s e p a r a t i o n could probably be reduced by a f a c t o r of t e n .
I f a second transmitter l o c a t e d a t t h e r e c e i v i n g xtennn w e r e used t ,~ r e l a y t h e s i g n a l back t o t h e sending antenna, t h e group d e l a y could be w i t h t h e r o l e s of the t r a n s m i t t i n g and r e c e i v i n g antennas r e v e r s e d . T h i s would allow d e t e r m i n a t i o n of vL and e l i m i n a t i o n of the e r r o r . I n experiments where t h e wave-packet is r e f l e c t e d back t o the t r a n s m i t t i n g antenna, t h e e f f e c t w i l l be a u t o m a t i c a l l y c a n c e l l e d o u t . I t may be shown t h a t t h e e f f e c t of e l a s t i c e l e c t r o n / n e u t r a l encounters can be introduced i n t o t h e d i s p e r s i o n r e l a t i o n (1) by r e p l a c i n g by CD [ l -(iv/w)) , and w b y ( w -i v ) , where v i s t h e e l e c t r o n / n e u t r a l c o l l i s i o n frequency [Crawford and T a t a r o n i s ) 19661. To a good approximat i o n t h e a t t e n u a t i o n p e r u n i t d i s t a n c e i s given by k i L = v/vg = a ( v / v t ) [Crawford, 19651. In T h e y would be most l i k e l y t o i n t r o d u c e e f f e c t s i n t o t h e r i n g i n g . S i n c e , however, prolonged r i n g i n g has a l r e a d y been observed t o occur very c l o s e t o the c y c l o t r o n harmonics i n t h e A l o u e t t e I experiments, i t is implied t h a t t h e p r a c t i c a l e f f e c t s of t h i s c o r r e c t i o n may be n e g l i g i b l e .
-2 4 -e ,.
DISCUSS ION
The main purpose of t h i s work w a s t o v a l i d a t e t h e i n t e r p r e t a t i o n of i o n o s p h e r i c r i n g i n g measurements as a plasma e x c i t a t i o n e f f e c t i n r e g i o n s of n e a r z e r o group v e l o c i t y . As w i l l be a p p r e c i a t For t h i s reason, measurements of a q u a n t i t y such as 0 are more l i k e l y t o be r e l i a b l e t h a n t h o s e o b t a i n e d by a l t e r n at i v e " l o c a l " techniques such as r i n g i n g , Langmuir probes, o r resonance probes.
I n f a c t , measurements a t s e v e r a l d i f f e r e n t antenna spacings could probably e l i m i n a t e the i n f l u e n c e of l o c a l e f f e c t s almost completely.
N
I n t h e ionosphere, a number of independent checks on the q u a n t i t i e s of i n t e r e s t , uN , u) and Te are p o s s i b l e without much a d d i t i o n a l complication. For exmple: t h e observed magnetic f i e l d can be checked a g a i n s t s p h e r i c a l harmonic expansions, and a g a i n s t deductions f r o m e l e c t r o m a g n e t i c resonances when t h e y appear i n t h e ionograms [ C a l v e r t and Goe, 19631. I t may a l s o be compared w i t h t h e value o b t a i n e d from ringi n g o b s e r v a t i o n s made simultaneously a t t h e t r a n s m i t t i n g antenna, as i n the A l o u e t t e I experiments. The plasma frequency can a l s o be checked by r i n g i n g o b s e r v a t i o n s made when t h e antennas are a l i g n e d p e r p e n d i c u l a r t o t h e magnetic f i e l d . E l e c t r o n temperature measurements could be made r e l i a b l y by u s i n g t h e antennas as Langmuir probes.
H
-S i n c e t h e r i n g i n g a t (0 s t r o n g l y i n s a t e l l i t e experiments, i t i s i n t e r e s t i n g t o s p e c u l a t e on whether i t might be p o s s i b l e t o measure group d e l a y between two antennas i n t h i s mode u s i n g t h e s e t -u p f o r t h e p e r p e n d i c u l a r propagation measure- Throughout t h i s paper, w e have d i s c u s s e d e l e c t r o n resonance. e f f e c t s .
I t might be p o s s i b l e , under some circumstances, t o make s i m i l a r measurements of group delay and r i n g i n g r e l a t e d t o t h e lower h y b r i d frequency and i o n gyrofrequency harmonics. The p h y s i c a l l e n g t h s involved would be much g r e a t e r , owing t o t h e r e l a t i v e l y l a r g e i o n g y r o r a d i u s , and t h e phenomena might be s t u d i e d b e s t i n i t i a l l y i n mother-daughter s a t e l l i t e e x p e r i m e n t s ,
